Acute lymphoblastic leukemia (ALL) is the most common form of cancer in children and predominantly arises from the transformation of B cell progenitors (80--85% of cases)^[@R1]^. Current therapies have improved the 5-year event free survival of children with ALL to 80--90%. However, despite these advances, ALL remains a leading cause of cancer-related death in children and young adults. Moreover, the outcome for adults with ALL tends to be much worse, as only 30% of adults achieve long-term disease free survival^[@R2]^. Most current therapies are non-specific and cause off-target effects such as impaired intellectual and psychomotor function, neuroendocrine abnormalities, impaired reproductive capacity, cardiotoxicity, and secondary neoplasms^[@R3]--[@R5]^. Moreover, some patients that currently receive intensive therapy are likely being over-treated and could potentially be cured using less intensive regimens^[@R6]^. Therefore, new stratification methods and therapies need to be developed to more accurately identify and treat high-risk groups of B-ALL.

The transcription factor STAT5 plays a critical role in transformation of progenitor B cells^[@R7]^. For example, STAT5 is required for BCR-ABL and TEL-JAK2 dependent transformation of progenitor B cells^[@R8]--[@R10]^. However, the exact mechanism by which STAT5 drives transformation remains unclear. Previous studies suggested that STAT5 simply promotes the survival of progenitor B cells and that the role of STAT5 in transformation is limited to its pro-survival effects^[@R11],[@R12]^. However, other roles for STAT5 in B-ALL have not been explored.

Deregulation of pre-BCR signaling has also been shown to be important in the development of B-ALL. For example, defects in the adaptor protein BLNK when paired with activated STAT5 promote pre-B cell transformation^[@R13]^. However, BLNK regulates many downstream pathways - which of these pathways exerts tumor suppressor function remains unclear. Finally, in addition to the pre-BCR, a number of transcription factors including PAX5, EBF1, and IKAROS have been suggested to play a key role in progenitor B cell transformation^[@R14]^. These transcription factors form a transcriptional network that plays a key role in promoting B cell differentiation^[@R15]^. Importantly, the genes encoding these transcription factors are frequently deleted in B-ALL patient samples, suggesting that they play a role in transformation^[@R14]^. Consistent with this observation, haploinsufficiency for *Pax5* or *Ebf1* synergizes with STAT5 activation to initiate leukemia^[@R16]^. However, how these transcription factors suppress B-ALL,, whether they interact with STAT5, and if that interaction is important in transformation, remains unknown.

Herein we demonstrate that STAT5 cooperates with defects in a coherent pre-BCR pathway including the adaptor protein BLNK, the associated kinases BTK and PKCβ, and the downstream transcription factors NF-κB and IKAROS. Using microarray and ChIP-Seq approaches we demonstrate that STAT5 tends to reciprocally regulate target gene expression by NF-κB and IKAROS tumor suppressor pathways. Moreover, STAT5 binding overlapped with a larger cohort of transcription factors at super-enhancers linked to genes that control the survival, proliferation and differentiation of progenitor B cells. Finally, analysis of human B-ALL patient samples revealed that the ratio of STAT5 activation to *IKZF1* or NF-κB expression was a more powerful predictor of disease outcome than either of these factors alone. Thus, an imbalance between STAT5 and the pre-BCR--NF-κB--IKAROS pathway promotes the development of B-ALL while the degree of imbalance underlies the severity of disease as measured by overall survival and remission duration.

Results {#S1}
=======

*Stat5b-CA* mice spontaneously develop B-ALL-like disease {#S2}
---------------------------------------------------------

To study the role of STAT5 in B-ALL, we utilized transgenic mice that express a constitutively active form of STAT5b throughout B cell development (*Stat5b-CA* mice)^[@R17]^. Approximately 2--10% of *Stat5b-CA* mice develop leukemia^[@R13],[@R17]^ characterized as progenitor B cell leukemia based on the expression pattern of CD19, IL-7Rα, pre-BCR, and BP-1 ([Fig. 1a](#F1){ref-type="fig"}, [Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). The low incidence of leukemia suggests that *Stat5b-CA* cells require additional mutations to induce transformation. To identify commonly mutated pathways in the *Stat5b-CA* leukemias, we carried out microarray analyses on pre-B cells sorted from C57BL/6 bone marrow and pre-B leukemic cells from *Stat5b-CA* mice. As expected, *Stat5b-CA* leukemic cells showed increased expression of the known STAT5 targets *c-Myc* and *Ccnd2* (*Cyclin D2*) or Cyclin D1 (*Ccnd1*) when compared to pre-B cells from C57BL/6 control mice ([Fig. 1b](#F1){ref-type="fig"}). Interestingly, the leukemic cells also had increased expression of asparagine synthetase (*Asns*), a major chemotherapy target for ALL^[@R18]^. Many other genes were also deregulated in *Stat5b-CA* pre-B leukemia cells, including components of the pre-BCR signaling pathway, such as *Blk, Syk*, and *Prkcb* ([Fig. 1b](#F1){ref-type="fig"}). In contrast, surface expression of the pre-BCR was increased ([Fig. 1a,b](#F1){ref-type="fig"}). This finding is consistent with previous studies showing that pre-BCR signaling triggers a negative feedback loop that reduces *Vpreb1* and *Igll1*^[@R19]^. Together, these results led us to hypothesize that STAT5 activation cooperates with defects in pre-BCR signaling components to initiate B-ALL.

*Stat5b-CA* and defects in pre-BCR pathway initiate B-ALL {#S3}
---------------------------------------------------------

To test our hypothesis, we bred *Stat5b-CA* mice to mice harboring loss-of-function mutations in the pre-BCR adaptor *Blnk*, or the downstream kinases *Btk* (*Xid* mutant) or *Prkcb*. *Stat5b-CA* x *Blnk*^+/−^, *Stat5b-CA* x *Xid* and *Stat5b-CA* x *Prkcb*^−/−^ mice rapidly developed leukemia with high frequency ([Fig. 1c](#F1){ref-type="fig"}). In contrast, *Blnk*^+/−^, *Xid* and *Prkcb*^−/−^control mice never developed leukemia and *Stat5b-CA* mice only had a low incidence of leukemia. The *Stat5b-CA* x *Blnk*^+/−^, *Stat5b-CA* x *Xid* and *Stat5b-CA* x *Prkcb*^−/−^ leukemias resemble pre-B cell leukemia based on high expression of CD19, IL7Rα, pre-BCR and BP-1, but low/absent expression of CD43, Igκ and Igλ ([Fig. 1d](#F1){ref-type="fig"}, data not shown). Likewise, the global mRNA expression patterns in *Stat5b-CA* x *Blnk*^+/−^, *Stat5b-CA* x *Xid* and *Stat5b-CA* x *Prkcb*^−/−^leukemias, and the sorted wild-type, *Xid* and *Stat5b-CA* pre-B control samples used for comparison, were most similar to that of large pre-B cells (Hardy fraction C') in the immgen.org database ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). Thus, these results confirmed our hypothesis that STAT5 activation cooperates with defects in a specific pre-BCR signaling pathway to drive highly penetrant progenitor B cell leukemia.

### Survival effects of STAT5 alone do not initiate leukemia {#S4}

Previous studies have suggested that the role of STAT5 in the transformation of progenitor B cells is solely to prevent apoptosis^[@R11],[@R12]^. To test this possibility, we bred *Blnk*^+/−^ mice with transgenic *Bcl2l1* (i.e., *Bcl-X~L~*) mice^[@R20]^. *Bcl2l1* transgenic mice exhibit comparable expansion of progenitor B cells as seen in *Stat5b-CA* mice^[@R17],[@R20],[@R21]^. However, BCL-X~L~ overexpression did not cooperate with *Blnk* heterozygosity to initiate leukemia ([Fig. 1e](#F1){ref-type="fig"}). We then used BrdU labeling to test if STAT5 drives transformation by enhancing cell division. These experiments revealed that *Stat5b-CA* x *Xid* leukemias do not proliferate significantly more than wild-type or *Xid* pre-B cells ([Fig. 1f](#F1){ref-type="fig"}). Therefore, STAT5 does not induce leukemia by solely promoting survival or enhancing the proliferation of progenitor B cells.

NF-κB suppresses STAT5-dependent leukemia {#S5}
-----------------------------------------

A downstream target of the BLNK--BTK--PKCβ pathway is the transcription factor NF-κB^[@R22]^. Microarray analysis established that expression of 67 out of 95 NF-κB target genes normally expressed in pre-B cells was altered in *Stat5b-CA* x *Blnk*^+/−^, *Stat5b-CA* x *Xid* and *Stat5b-CA* x *Prkcb*^−/−^ leukemias compared to wild-type pre-B cells ([Fig. 2a](#F2){ref-type="fig"} and [Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}). The expression of several NF-κB target genes was already partially reduced in non-transformed progenitor B cells from *Stat5b-CA* mice ([Fig. 2b](#F2){ref-type="fig"}). To further identify genes synergistically regulated by STAT5 and NF-κB, we made use of an algorithm developed by Land and colleagues to identify factors that cooperatively regulate downstream target genes^[@R23]^. Using this algorithm we identified 25 NF-κB target genes that are likely synergistically deregulated by STAT5 activation and decreased pre-BCR signaling, including the oncogenes *Bcl2*, *Ccnd2* and *Myc* ([Fig. 2c](#F2){ref-type="fig"}). To determine if STAT5 can deregulate NF-κB target gene expression directly, we performed ChIP-Seq on STAT5 in *Stat5b-CA* x *Blnk*^+/−^ leukemias. STAT5 bound \~30% of all genes (*P* \<1.1 × 10^−16^) and \~50% of NF-κB target genes (*P* = 9.0 × 10^−7^) that were deregulated in all three leukemic strains ([Fig. 2d,e](#F2){ref-type="fig"} and [Fig. 3a](#F3){ref-type="fig"}). One mechanism by which STAT5 could interfere with NF-κB target gene expression would be if STAT5 and NF-κB exhibited overlapping DNA binding sites. Consistent with this idea, STAT5 binding sites identified by ChIP-Seq in *Stat5b-CA x Blnk*^+/−^ leukemic cells showed enrichment for nearby NF-κB binding motifs, suggesting that STAT5 and NF-κB share binding sites at numerous loci ([Fig. 3b,c](#F3){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). To test if these factors can compete for binding, we stimulated *Stat5b-CA x Blnk*^+/−^ leukemic cells with IL-7 to increase amounts of active STAT5. IL-7 treatment led to an increase in STAT5 binding (2.4-fold) and a concomitant decrease in RELA binding (1.5-fold) to the *Igk* intronic enhancer ([Fig. 3d](#F3){ref-type="fig"}), which plays an important role in pre-B cell differentiation. In contrast, when examining competition at the *Myc* gene, which regulates pre-B cell proliferation and growth, we did not observe such competition and in fact observed enhanced RELA binding ([Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}). Thus, STAT5 competes with NF-κB binding at some but not all overlapping binding sites.

As an alternative approach to identify direct gene targets of STAT5, we integrated our STAT5b-CA differential gene expression dataset from the *Stat5CA x Blnk*^+/−^ leukemic cells compared to wild-type cells with our STAT5 ChIP-seq dataset using ChIP-BETA^[@R24]^. This analysis predicted 4198 direct regulatory targets of STAT5, including one third of the NF-κB target genes expressed in wild-type pre-B cells ([Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}, data not shown). Thus, STAT5 and NF-κB likely regulate many common target genes. To directly test if the interaction between STAT5 and NF-κB is important in leukemogenesis, we generated *Stat5b-CA* x *Nfkb1*^+/−^ and *Stat5b-CA* x *Nfkb1*^−/−^ mice; both crosses developed pre-B cell leukemia at high frequency ([Fig. 3e,f](#F3){ref-type="fig"}). Taken together, these data suggest that STAT5 and NF-κB affect each other's function at multiple target genes in progenitor B cells and directly demonstrate that NF-κB acts as a tumor suppressor in pre-B cells.

STAT5 activity opposes gene regulation by IKAROS {#S6}
------------------------------------------------

NF-κB induces expression of the transcription factor *Ikzf1* by upregulating IRF4 and IRF8 (refs.^[@R25],[@R26]^). *IKZF1*, which encodes IKAROS, is frequently deleted in human B-ALL and deletion correlates with poor prognosis^[@R27]--[@R29]^. IKAROS binding motifs were enriched near STAT5 binding sites in *Stat5b-CA x Blnk*^+/−^ leukemias ([Fig. 3b](#F3){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Furthermore, comparison of our STAT5 ChIP-Seq dataset from *Stat5b-CA x Blnk*^+/−^ leukemic cells with an IKAROS ChIP-Seq dataset from wild-type pre-B cells^[@R30]^ showed that 37% of genes bound by IKAROS are also bound by STAT5 (*P* \<1.1 × 10^−16^); 53% of these genes (896) show direct binding overlap between IKAROS and STAT5 (*P* = 8.5 × 10^−10^) ([Fig. 4a--c](#F4){ref-type="fig"} and [Supplementary Fig. 2c](#SD1){ref-type="supplementary-material"}). We found 249 genes were bound and regulated by IKAROS in wild-type pre-B cells and deregulated in the *Stat5b-CA* x *Blnk*^+/−^, *Stat5b-CA* x *Xid* and *Stat5b-CA* x *Prkcb*^−/−^leukemias ([Fig. 4c](#F4){ref-type="fig"}). Of those 249 genes, 180 (72%) show opposing regulation by STAT5 and IKAROS ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). Similarly, Gene Set Enrichment Analysis (GSEA) revealed that genes activated by STAT5 are enriched in genes that are negatively regulated by IKAROS ([Fig. 4d](#F4){ref-type="fig"}). Thus, STAT5 and IKAROS share hundreds of target genes and these transcription factors tend to reciprocally regulate expression of those shared target genes.

One way that STAT5 and IKAROS may opposingly regulate target gene expression is via competing for binding to target loci. To explore this possibility, we performed ChIP-qPCR on the shared target *Cish* in *Stat5b-CA x Blnk*^+/−^ leukemias with and without IL-7 stimulation. *Cish* was chosen because it is a well-characterized gene target of STAT5 (ref.^[@R31]^) and has been shown to be negatively regulated by IKAROS^[@R30]^. IL-7 led to an increase in STAT5 binding (\~4-fold) and a decrease in IKAROS binding (\~2-fold) to the *Cish* promoter ([Fig. 4e](#F4){ref-type="fig"}). To study this in further detail, we cloned the *Cish* promoter into a luciferase reporter construct. Overexpression of STAT5b-CA induced luciferase activity in the progenitor B cell line, Ba/F3, while co-expression of STAT5b-CA and IKAROS reduced this effect. Repression by IKAROS was alleviated when we mutated the IKAROS binding sites that overlap with STAT5 binding sites within the *Cish* promoter ([Fig. 4f](#F4){ref-type="fig"}). Using a similar luciferase assay approach, we observed identical results for *Socs2*, another gene with overlapping STAT5 and IKAROS binding sites ([Supplementary Fig. 2d](#SD1){ref-type="supplementary-material"}). Thus, STAT5 and IKAROS can antagonize each other via direct competition for overlapping binding sites.

STAT5 and IKAROS may also opposingly regulate shared targets via other mechanisms. One such example occurs at the *Myc* locus, which is controlled by a distal super-enhancer located 1.7 Mb downstream of *Myc*^[@R32]^. ChIP-Seq analysis revealed that STAT5 and IKAROS bind at several sites within this *Myc* super-enhancer ([Fig. 5a](#F5){ref-type="fig"}). One way that STAT5 activates target gene transcription is by recruiting the histone acetyltransferase p300 and promoting H3K27 acetylation (H3K27Ac)^[@R33]^. We found that IL-7 stimulation increased STAT5, p300, and H3K27Ac abundance at the *Myc* super-enhancer in *Stat5b-CA x Blnk*^+/−^ leukemias (\~5-fold, 3-fold, and 2.5-fold respectively) ([Fig. 5b](#F5){ref-type="fig"}). Similar results were observed upon ectopic expression of STAT5b-CA in Ba/F3 progenitor B cells -- H3K27Ac marks increased 2.2-fold (*P* \< 0.0001) and *Myc* expression was increased by 38% ([Fig. 5c](#F5){ref-type="fig"} and data not shown). STAT5 regulated the *Pim1* and *Bcl2l1* loci in a similar manner ([Supplementary Fig. 2e,f](#SD1){ref-type="supplementary-material"}). IL-7 stimulation had no effect on IKAROS binding at the *Myc* super-enhancer, suggesting that STAT5 and IKAROS bind to non-overlapping sites at this locus ([Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}). IKAROS can repress gene expression by recruiting the nucleosome remodeling and deacetylation complex (NuRD)^[@R34]^, which promotes deacetylation of H3K27. Overexpression of *Ikzf1* in Ba/F3 cells led to an \~2-fold decrease in the active histone mark H3K27Ac at the *Myc* super-enhancer and a corresponding 2-fold decrease in *Myc* expression ([Fig. 5d,e](#F5){ref-type="fig"}). Therefore, STAT5 and IKAROS regulate the *Myc* super-enhancer by opposingly regulating histone acetylation.

We next tested whether constitutively active STAT5 can cooperate with loss of function mutations in *Ikzf1* to drive B-ALL. The resulting *Stat5b-CA x Ikzf1*^+/−^ mice developed leukemia but only T-ALL (data not shown). This result is most likely because the *Stat5b-CA* transgene is also highly expressed in developing T cells. To circumvent this issue, we used a sleeping beauty (SB) transposon mutagenesis screen to identify genes that cooperate with *Stat5b-CA* to initiate B-ALL. This strategy resulted in highly penetrant B cell leukemia. Importantly, *Ikzf1* was targeted by the Sleeping Beauty transposon in 15% of the leukemias in this screen. The orientation and location of the transposon insertions within the *Ikzf1* locus are predicted to cause loss of function mutations; consistent with this prediction *Ikzf1* expression was reduced in SB-driven leukemias compared to wild-type pre-B cells^[@R35]^. These data provide evidence that STAT5 activation and loss of function mutations in *Ikzf1* cooperate to initiate both T-ALL and B-ALL.

STAT5 binding overlaps with B cell super-enhancers {#S7}
--------------------------------------------------

IKAROS forms a transcriptional network with PAX5, EBF1, PU.1, and IRF4 (referred to as PEPII factors) that regulates B cell differentiation. Binding motifs for PEPII factors were significantly enriched near STAT5 binding sites identified in *Stat5b-CA* x *Blnk*^+/−^ leukemias ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Comparison of PEPII^[@R30],[@R36]--[@R38]^ and STAT5 ChIP-Seq datasets demonstrated a substantial enrichment of PAX5, EBF1, PU.1, IRF4 and IKAROS at STAT5-bound loci (3.8-, 5.3-, 1.9-, 3.1-, and 1.7-fold enrichment, respectively; p\<0.001) ([Fig. 5a,f,g](#F5){ref-type="fig"} and [Supplementary Table 3](#SD1){ref-type="supplementary-material"}). In contrast, the transcription factor FOXO1 did not overlap significantly with STAT5 binding ([Fig. 5f](#F5){ref-type="fig"}). Thus, STAT5 binding directly overlaps with binding sites for many but not all transcription factors that promote B cell differentiation.

Recent studies have identified a class of enhancers, termed super-enhancers, as key regulators of cell identity and transformation^[@R39]--[@R41]^. Consistent with the key role of the PEPII network in B cell development and transformation, 67% of defined progenitor B cell super-enhancers^[@R39]^ are bound by 4 or more members of this network. Importantly, 70% of those sites are also bound by STAT5 in leukemia ([Fig. 5g](#F5){ref-type="fig"}). We next identified enhancers with the highest content of STAT5 binding by ranking progenitor B cell enhancers based on the amount of STAT5 bound at each enhancer in *Stat5b-CA x Blnk*^+/−^ leukemias. We found that 207 of the 395 previously identified super-enhancers also scored as super-enhancers when the regions were re-scored using STAT5 abundance to define super-enhancer regions (hypergeometric test, *P* = 4.3 × 10^−157^) ([Fig. 5h](#F5){ref-type="fig"}). Thus, STAT5 binding correlates with super-enhancer identity in progenitor B cells. Importantly, PEPII factors and STAT5 binding were enriched at super-enhancers linked to genes regulating survival, cell cycle, and B cell differentiation ([Fig. 5g](#F5){ref-type="fig"} and [Supplementary Table 4](#SD1){ref-type="supplementary-material"}). We confirmed that STAT5, PAX5, EBF, and IKAROS all bind at the *Myc, Bcl2l1*, and *Igll1* super-enhancers in the *Stat5b-CA* x *Blnk*^+/−^ leukemias by ChIP-qPCR ([Supplementary Fig. 2g](#SD1){ref-type="supplementary-material"}). Moreover, expression of STAT5b-CA led to an increase of H3K27Ac at the *Myc* and *Bcl2l1* super-enhancers -- suggesting that STAT5 binds to and promotes acetylation of multiple super-enhancers in progenitor B cells ([Supplementary Fig 2f](#SD1){ref-type="supplementary-material"} and data not shown). Finally, genes encoding master transcription factors are themselves driven by super-enhancers in other cell types, forming feedback loops in which the key transcription factors regulate their own expression^[@R39]^. Consistent with other super-enhancer networks, STAT5 and PEPII factors bound to enhancers located within the genes that encoded STAT5 and PEPII or their functional regulators (i.e., *Il7r*, *Jak1*, *Socs3*) and thus might cross-regulate each other ([Supplementary Fig. 3a,b](#SD1){ref-type="supplementary-material"}). These data demonstrate that STAT5 participates in a regulatory B cell transcriptional network at progenitor B cell super-enhancers, and demonstrate that high intensities of STAT5 binding to these super-enhancers is a defining feature of B-ALL.

To determine whether our findings in murine B-ALL models are recapitulated in human disease, we examined STAT5, NF-κB and IKAROS ChIP-Seq datasets in a human B lymphoblastoid cell line. We found that 41% and 33% of STAT5 binding sites in a human B lymphoblastoid cell line overlap with IKAROS or NF-κB binding sites, respectively (*P* \< 0.0001) ([Fig. 6a,b](#F6){ref-type="fig"}). In addition, high intensities of STAT5 binding identified a similar network of super-enhancer linked genes associated with survival, proliferation, and B cell differentiation ([Fig. 6c](#F6){ref-type="fig"} and [Supplementary Table 5](#SD1){ref-type="supplementary-material"}). Moreover, in two primary human BCR-ABL+ leukemia samples, we found enrichment of STAT5 binding motifs near IKAROS binding sites identified by ChIP-Seq ([Fig. 6d](#F6){ref-type="fig"}). Thus, STAT5 binding overlaps with NF-κB and IKAROS in transformed human B cells, with high intensities of STAT5 bound to a similar network of super-enhancers in mouse and human B cell malignancies.

STAT5 to IKAROS or NF-κB ratios correlate with survival {#S8}
-------------------------------------------------------

Previous studies have linked STAT5 activation, or deletions in *IKZF1*, to poor patient outcomes^[@R16],[@R28],[@R29]^. However, the mechanism that accounts for these separate observations, and whether NF-κB is involved, is unclear. To address these questions, we examined whether the balance of active STAT5 (pSTAT5) to *IKZF1* correlated with remission duration or overall survival in 64 B-ALL patient samples ([Supplementary Table 6](#SD1){ref-type="supplementary-material"}). Patient samples were subdivided into three groups: (1) low pSTAT5 and wild-type *IKZF1* (two good indicators), (2) low pSTAT5 and deleted *IKZF1* (Δ*IKZF1*) or high pSTAT5 and wild-type *IKZF1* (one bad indicator) and (3) high pSTAT5 and deleted *IKZF1* (2 bad indicators). There was a significant decrease in remission duration and patient survival as the number of bad prognostic indicators increased ([Fig. 7a](#F7){ref-type="fig"} and [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). In contrast, *IKZF1* or pSTAT5 status alone was less effective at predicting survival or remission duration ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). One concern with our analysis is that BCR-ABL translocations were enriched in the higher-risk groups, and thus may have accounted for poorer outcomes observed in these groups. However, similar results were seen when we focused on just one BCR-ABL negative subset of B-ALL (B-NOS), thereby eliminating concerns about inherent differences in survival between different subsets of B-ALL ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Thus, the ratio of pSTAT5 to IKAROS negatively correlates with patient survival and remission duration.

We also examined if the relationship between pSTAT5 and the NF-κB subunit RELA correlated with survival in 161 B-ALL patients ([Supplementary Table 7](#SD1){ref-type="supplementary-material"}). Patient samples were split into three groups based on total pSTAT5 abundance and the ratio between pSTAT5 and RELA: (1) low total pSTAT5 and low pSTAT5/RELA (two good indicators), (2) low total pSTAT5 and high pSTAT5/RELA or high overall pSTAT5 and low pSTAT5/RELA (one bad indicator) and (3) high overall pSTAT5 and high pSTAT5/RELA (two bad indicators). The combination of high pSTAT5 with a high ratio of pSTAT5 to RELA correlated most strongly with decreased survival ([Fig. 7b](#F7){ref-type="fig"} and [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). In contrast, pSTAT5 or pSTAT5/RELA levels alone did not effectively correlate with overall patient survival ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). We obtained similar results after excluding BCR-ABL cases by just focusing on B-NOS patients ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). Moreover, in the B-NOS patient samples we also observed a significant difference for remission duration based on both the combination of pSTAT5 abundance and the pSTAT5/RELA ratio or just the pSTAT5/RELA ratio alone ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). Thus, the ratio of pSTAT5 to RELA correlated with patient outcome.

Discussion {#S9}
==========

Our studies of B-ALL identify a linear tumor suppressor pathway downstream of the pre-BCR involving BLNK, BTK, PKCβ, NF-κB1, and IKAROS. These findings were particularly intriguing as NF-κB family members were initially identified as oncogenes in other cancers -- not tumor suppressors^[@R42]^. Constitutively active NF-κB has been reported in some B cell malignancies^[@R43],[@R44]^. In contrast, we demonstrate that for progenitor B cell leukemia, NF-κB1 acts functionally as a tumor suppressor gene in murine pre-B cell leukemia. Consistent with this observation, we observed that the ratio between pSTAT5 and the NF-κB family member RELA in human progenitor B cell leukemias correlated with patient survival and disease remission. In part, this observation reflects direct competition between STAT5 and NF-κB for common binding sites. However, competition between STAT5 and NF-κB was not observed at all overlapping STAT5 and NF-κB binding sites. Specifically, we observed clear antagonism at the *Igk* locus, a gene involved in pre-B cell differentiation, but enhanced binding at the *Myc* super-enhancer, a gene involved in pre-B cell proliferation and growth. While this is a limited sample size, it may be indicative of a broader phenomenon. STAT5 may antagonize NF-κB binding at NF-κB target genes involved in B cell differentiation, while STAT5 may enhance NF-κB binding at genes involved in proliferation. In this model, reduced NF-κB expression would allow for more effective STAT5-dependent inhibition of pre-B cell differentiation. In parallel, STAT5 activation would compensate for the effects of reduced NF-κB on NF-κB gene targets involved in cell proliferation.

Our studies also demonstrate that STAT5 plays a much broader role in B cell development and transformation than previously suspected. Previous studies demonstrated that STAT5 provides important survival signals to progenitor B cells^[@R11],[@R12]^. In addition, STAT5 regulates a number of genes involved in cell growth and proliferation including *Ccnd2*, *Ccnd3* and *Myc*. However, besides regulating genes that promote survival and proliferation, STAT5 also bound to a large subset of genes that regulate normal progenitor B cell development. These include genes encoding components of the pre-BCR pathway including those for the pre-BCR (λ5 and VpreB1), the associated signaling chain Igα, the upstream kinases SYK and BLK, the adaptors BLNK and CARMA1 (which plays a key role in activating NF-κB downstream of the pre-BCR), and the downstream transcription factors IRF4, IRF8, IKAROS and AIOLOS. These results suggest that STAT5 not only plays a key role during progenitor B cell transformation, but likely plays an important role during normal B cell development to ensure sufficient expansion of progenitor B cells and to prevent premature B cell differentiation.

In addition to interactions with NF-κB, we found substantial overlap in STAT5 binding to previously identified IKAROS binding sites in pre-B cells. In the majority of cases (72%), these involved genes that were regulated in one direction by IKAROS and in the opposite direction in our STAT5b-CA driven leukemias. We provide evidence for at least two mechanisms that could explain these results. First, STAT5 and IKAROS directly compete for overlapping binding sites at some target genes. Second, at other sites, such as the *Myc* super-enhancer, STAT5 increased H3K27 acetylation and expression of *Myc*. In contrast, IKAROS binding appears to reverse H3K27 acetylation at the *Myc* locus and repressed *Myc* expression. These results are consistent with a previous report that found that histone deacetylases reversed both STAT5-dependent recruitment of the bromodomain protein BRD2 to the *Myc* super-enhancer and STAT5-dependent *Myc* transcription^[@R45]^. Thus, competition between STAT5-dependent histone acetylation and IKAROS-dependent histone deacetylation of the *Myc* super-enhancer likely plays an important role in pre-B cell transformation. Other mechanisms could exist as well. For example, STAT5 bound to genes encoding PAX5, EBF1, PU.1, IRF4 and IKAROS (PEPII). Likewise, these PEPII factors bound to genes involved in the STAT5 signaling pathways including *Il7r, Jak1, Stat5b*, and *Socs3*. This suggests that STAT5 and the PEPII factors might cross-regulate one another, thus forming another level of regulation.

The interaction between STAT5 and IKAROS has important functional consequences for patients with B-ALL. Consistent with previous studies^[@R16],[@R28],[@R29]^ we found that both the level of STAT5 phosphorylation and *IKZF1* deletion status correlated with patient survival and remission duration (hazard ratio for overall survival of 2.2- and 2.5-fold, respectively). In contrast, splitting patients into distinct hazard groups based on both *IKZF1* deletion status and STAT5 activation was substantially more effective (hazard ratio of 20-fold for overall survival). Qualitatively similar results were seen when comparing the ratio between pSTAT5 and RELA, although the magnitude of the difference was smaller. This may be due to the fact that multiple NF-κB family members including c-REL and NF-κB1 are involved in pre-BCR signaling and that the strongest predictive power will only come when considering all relevant NF-κB family members. This might also explain why *Stat5b-CA x Nfkb1*^+/−^ leukemias were not as penetrant as the *Stat5b-CA x Blnk*^+/−^ leukemias. Another explanation could be that N-FκB may have both tumor suppressor and oncogenic roles in progenitor B cells via its regulation of B cell differentiation and proliferation, respectively. Importantly, the magnitude of the imbalance between the STAT5 and NF-κB--IKAROS pathways correlates powerfully with disease outcome. Thus, future work taking this observation into account should allow for the development of clinical tests that better stratify patients into high and low risk groups.

In summary, our studies suggest a model ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}) in which the balance between STAT5 and a specific transcription factor network at super-enhancers acts as a molecular switch to govern appropriate progenitor B cell proliferation, survival and differentiation. Altering the balance between these two antagonistic pathways drives B cell transformation, while the degree of imbalance underlies how patients with B-ALL will respond to therapy. Our findings suggest that strategies aimed at modestly altering this balance, involving submaximal STAT5 inhibition paired with modest NF-κB agonism or IKAROS induction could effectively inhibit B-ALL with minimal effects on other STAT5- and NF-κB--IKAROS-dependent processes.

Accession Codes {#S10}
---------------

Microarray and ChIP-Seq data has been deposited at the GEO database. The accession numbers are GSE25643 (for *Stat5b-CA x Blnk*^+/−^, *Stat5b-CA x Xid* and *Stat5b-CA x Prkcb*^−/−^ microarray data), GSE86878 (for the *Stat5b-CA x Blnk*^+/−^ ChIP-Seq data), and GSE58825 (for the IKAROS ChIP-Seq dataset from human primary B-ALL samples).

Data Availability Statement {#S11}
---------------------------

The data that support the findings of this study are available from the corresponding author upon request.

Online Methods {#S12}
==============

Mice {#S13}
----

*Stat5b-CA*, *Blnk*^+/−^, *Prkcb^−/−^*, *Xid, Nfkb1^−/−^*, and *Bcl2l1* transgenic mice have been described previously^[@R17],[@R20],[@R46]--[@R48]^. All mice were backcrossed to the C57BL/6 background with the exception of *Prkcb^−/−^*. Mice were housed in specific pathogen-free facilities at the University of Minnesota; all animal experiments were approved by the University of Minnesota Institutional Animal Care and Use Committee. All *Stat5b-CA x Blnk*^+/−^, *Stat5b-CA x Xid* and *Stat5b-CA x Prkcb^−/−^* leukemias were confirmed by flow cytometry to be B-ALL. 50% of the *Stat5b-CA x Nfkb1*^+/−^ and *Stat5b-CA x Nfkb1^−/−^* leukemias were B-ALL and the other 50% were T-ALL. Spleen, lymph nodes, and bone marrow were isolated from leukemic mice and used for further experiments. B220^+^CD19^+^ lymph node cells were isolated using magnetic bead separation (Miltenyi Biotech) and used to isolate RNA and DNA. Purity of B lymphocytes was \> 95% as assessed by flow cytometry. Kaplan-Meier survival curves were created using Prism software (GraphPad Software). No blinding was done to allocate mice into experimental groups.

Cell lines {#S14}
----------

Ba/F3 were purchased from Leibniz-Institut DSMZ-Deutsche Sammlung von Mikroorganismen und Zelkulturn GmbH. We authenticated the Ba/F3 cells by demonstrating that these cells remain cytokine responsive and express cell surface markers by flow cytometry that match published data by Leibniz-Institut DSMZ. These cells were not tested for mycoplasma.

Flow cytometry {#S15}
--------------

Single-cell suspensions were stained with fluorescent antibodies. For BrdU analysis, mice were injected intraperitoneally with 200 μl of 10 mg/ml BrdU (BD Pharmingen) and analyzed after 16 h Cells were assayed on a LSRII or Fortessa flow cytometer (BD Biosciences) and data was analyzed using FlowJo software (Treestar).

Quantitative real-time PCR {#S16}
--------------------------

RNA was isolated from the cells using an RNeasy kit (Qiagen). cDNA was synthesized from 2 ng of RNA using a qScript cDNA synthesis kit (Quanta Biosciences). Real-time PCR was performed using FastStart Universal SYBR Green Master (Roche). Reactions were run on a 7000 Sequence Detection PCR System (Applied Biosystems). Amplification conditions were: 50 °C for 2 min; 95 °C for 10 min; 40 cycles of 95 °C for 15 s and 58 °C for 60 s. Normalized values were calculated as previously described^[@R49]^. Primers used are listed in [supplementary table 8](#SD1){ref-type="supplementary-material"}.

Chromatin immunoprecipitation (ChIP) assays {#S17}
-------------------------------------------

*STAT5b-CA x Blnk*^+/−^ tumor lymph node single cell suspensions were stimulated with 10 ng/mL IL-7 at 37 °C for 30 min (ChIP-Seq). Cells were immediately fixed in 1% formaldehyde for 10 min at 23 °C. Formaldehyde was quenched with 50 mM glycine. Cells were washed twice with PBS and resuspended in 0.5% SDS, 5.6 mM EDTA, 33.4 mM Tris pH8, 84 mM NaCl. DNA was sonicated to 200 bp fragments. 1--8 × 10^6^ (ChIP-qPCR) or 50 × 10^6^ cell (ChIP-Seq) samples were immunoprecipitated overnight with 4--10 μg (ChIP-qPCR) or 50 μg (ChIP-Seq) of α-STAT5 (sc-835 x, Santa Cruz Biotechnology), IKAROS (sc-13039 x, Santa Cruz Biotechnology), PAX5 (sc-1974, Santa Cruz Biotechnology), EBF1 (ABE1294, EMD Millipore), RELA (sc-372 x, Santa Cruz Biotechnology), p300 (sc-585 x, Santa Cruz Biotechnology), H3K27Ac (ab4729, Abcam), or isotype control antibody (sc-2027 x, Santa Cruz Biotechnology) and salmon sperm DNA blocked protein A agarose bead slurry (EMD Millipore). Beads were washed twice with each of low salt, high salt, and LiCl~2~ buffers then three times with Tris-EDTA pH8 buffer. DNA was eluted with 1% SDS, 0.1 M NaHCO~3~. NaCl was added to 0.6 M final and crosslinks were reversed at 65 °C overnight. Tris, pH 8, was added to 40 mM final and EDTA, pH 8, to 8.8 mM final. Samples were digested with 0.1 mg/ml Proteinase K for 1 h. DNA was purified with QIAquick PCR purification kit (Qiagen). Replicate IKAROS ChIP-seq datasets were produced using cultures of \~ 5 × 10^7^ GM12878 cells cultured on separate days, essentially as described^[@R50]^.

Library Preparation {#S18}
-------------------

ChIP-seq libraries were prepared using the Illumina TruSeq ChIP sample kit according to the manufacturer's instructions with the following deviations. Adaptors were ligated to the sample DNA and libraries were PCR amplified prior to size-selection.

Retroviral transduction {#S19}
-----------------------

pMIGR retroviral plasmids containing either nothing, *Ikzf1*, or *Stat5b-CA* cDNAs were transfected into 293 T cells along with helper viruses using Effectene (Qiagen). Supernatants were harvested 24--48 h later and used to transduce Ba/F3 pro-B cells (ATCC) in the presence of 20% WeHi 3B cell supernatant as previously described^[@R51]^.

Luciferase assays {#S20}
-----------------

Ba/F3 cells were transfected with a wild-type or mutated Cish promoter pGL4.10, pRL-TK (Promega), and empty, *Stat5b-CA*, or *Stat5b-CA* + *Ikzf1* pMIGR constructs by electroporation (240 volts, 25 milliseconds). Relative light units were measured 48 h post-transfection using Dual-Luciferase Reporter Assay System (Promega).

Reverse phase proteomics {#S21}
------------------------

This study used samples collected from the blood and/or bone marrow of adult ALL patients taken at diagnosis ([Supplementary Tables 6,7](#SD1){ref-type="supplementary-material"}). Samples were collected for the Leukemia Sample Bank at the University of Texas M.D. Anderson Cancer Center between 1992 and 2007. These samples were collected on institutional review board (IRB)--approved protocol Lab01-473, and consent was obtained in accordance with the Declaration of Helsinki. Samples were analyzed under an IRB-approved laboratory protocol (Lab05-0654). These samples were analyzed using reverse phase protein arrays, as previously described^[@R52]^.

IKZF1 deletion detection {#S22}
------------------------

IKZF1 deletions in human leukemia samples were detected using the SALSA P335 ALL-IKZF1 Multiplex Ligation-dependent Probe Amplification (MLPA) assay (MRC-Holland) according to manufacturer's instructions.

Flow cytometry antibodies {#S23}
-------------------------

The following antibodies were used for flow cytometry: α-μH chain (Jackson ImmunoResearch), α-CD19 (1D3), α-CD45R (RA3-6B2), α-CD127 (A7R34), α-pre-BCR (SL165, BD Pharmingen), α-Ig*κ* (187.1, SouthernBiotech), α-Ig*λ* (JC5-1, SouthernBiotech). α-CD43 (S7, BD Pharmingen), BP-1 (FG35.4), CD25 (PC61.5), α-Gr-1 (RB6-8C5), and α-Ter119 (TER-119). All antibodies were obtained from eBioscience unless otherwise indicated. SA-PerCP-Cy5.5 was used to detect biotinylated antibodies.

Microarray {#S24}
----------

Microarray analysis was performed on total RNA extracted from either bone marrow cells depleted of CD11b, Ter119, DX5, CD3e, GR-1, and μH using magnetic beads and then sorted B220^+^CD19^+^μH^lo^CD43^lo^ pre-B cells (C57BL/6, *Stat5b-CA*, or *Xid*) or B220^+^CD19^+^ leukemic cells from lymph nodes of tumor-bearing mice using an RNeasy kit (Qiagen). Control pre-B cells were harvested from mice aged 7--12 weeks old. *Stat5b-CA* leukemia samples were harvested from mice aged 13--48 weeks old, *Stat5b-CA x Blnk*^+/−^ leukemias were harvested from mice aged 9--13 weeks old, *Stat5b-CA x Xid* leukemias were harvested from mice aged 12--21 weeks old, and *Stat5b-CA x Prkcb*^−/−^ leukemias were harvested from mice aged 11--17 weeks old. cRNA probes were synthesized and hybridized to Mouse 430 2.0 arrays following Affymetrix protocols and statistical analyses were performed using GeneSpringGX 11.0 (Agilen ~~t~~). Samples were normalized using RMA, filtered on expression (20.0--100.0th) percentile, or Affymetrix Microarray Suite 5.0 (MAS5.0) software. Significant gene lists were generated using one-way ANOVA with a corrected *P*-value \< 0.05 with a 1.5 fold change in gene expression. Clustering was performed using hierarchical clustering on both entities and conditions, using Euclidean distance metric and Centroid Linkage rule. Synergy scores were calculated as described previously^[@R23]^. Briefly, the Land algorithm predicts genes that are synergistically regulated by cooperating gene mutations. Specifically, we compared Affymetrix microarray expression data from wild-type pre-B cells with *Stat5b-CA* pre-B, *Xid* pre-B, or the *Stat5b-CA x Blnk*^+/−^*, Stat5b-CA x Xid*, and *Stat5b-CA x Prkcb*^−/−^ leukemias. We then identified genes that were differentially regulated between *Stat5b-CA* or *Xid* and wild-type cells. The Land algorithm then identifies genes that respond synergistically to the combination of STAT5b-CA and loss of pre-BCR signaling. Expression values for each probe were averaged across sample groups. Synergy between *Stat5b-CA* and *Xid* was calculated as follows: for any probe, let *a* represent the average *Stat5b-CA* pre-B value, let *b* represent the average *Xid* pre-B value and let *c* represent the average leukemia value. Values for each probe were entered into the formula \[(*c*/*a*)+(*c*/*b*)\] for downregulated genes or \[(*a*+*b*)/*c*\] for upregulated genes. Synergy scores \< 0.9 identified cooperation response genes.

To determine NF-κB target genes that are deregulated in mouse pre-B cell leukemias, a list of NF-κB target genes was obtained from [www.Nf-kb.org](www.Nf-kb.org). Genes were identified as differentially regulated if they had an absolute fold change \>1.5, absolute difference \>200, and *p* value \<0.05 when compared to controls.

Luciferase constructs {#S25}
---------------------

Forward (5′-ATTAGCTAGCCTGTCTGGGAGCTGACTATCT-3′) and reverse (5′-ATTAAAGCTTGGCTCGAGAGTCGGAGTT-3′) primers were used to amplify a 930 bp amplicon of the *Cish* promoter. The resulting product was then digested with NheI and HindIII (New England Biolabs) and ligated to pGL4.10 (Promega). Two consecutive rounds of site-directed mutagenesis (round 1: 5′- CTCCCGCCCAGTTTTCTTTGAAAGTTCTTTGAAATCTGTCAAAGG-3′ and 5′- CCTTTGACAGATTTCAAAGAACTTTCAAAGAAAACTGGGCGGGAG-3′; round 2: 5′- CGCGGTTCTATGAAGATGAGGCTTCTTTGAAGGGCTGGGACGCAG-3′ and 5′- CTGCGTCCCAGCCCTTCAAAGAAGCCTCATCTTCATAGAACCGCG-3′) on the *Cish* pGL4.10 construct were used to generate the *Cish* pGL4.10 with the IKAROS sites mutated. In order to clone the *Socs2* promoter, forward (5′- AGAGGCATCCTTCCCATCAAAG-3′) and reverse (5′- GGAGGAAAGGCTCATGCTTCA-3′) primers were used to amplify a 1602 bp product. The resulting amplicon was then used as template along with forward (5′- ATTAGAGCTCCAGGAAAACAGCCTCCCCCCTCCGCG-3′) and reverse (5′- ATTACTCGAGCCGCCTCCCGCCCCTCGC-3′) primers to generate a 1456 bp product. The resulting product was then digested with SacI and XhoI (New England Biolabs) and ligated to pGL4.10. Site-directed mutagenesis (5′- GCGGTCACGTGAGGCGGATTCTTTGAAAGTTCTTTGAAAGCGGCCTCCGCCGC-3′ and 5′- GCGGCGGAGGCCGCTTTCAAAGAACTTTCAAAGAATCCGCCTCACGTGACCGC-3′) on the *Socs2* pGL4.10 construct were used to generate the *Socs2* pGL4.10 with the IKAROS sites mutated.
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![*Stat5b-CA* drives pre-B leukemia\
(**a**) Flow cytometric analysis of bone marrow from leukemic *Stat5b-CA* mice (red histogram and bottom panels) or C57BL/6 mice (grey and black histograms and middle panels). Boxes in C57BL/6 (i.e. WT) plots show gates used to sort WT pre-B cells for use in microarray studies (**b**) mRNA expression in *Stat5b-CA* B-ALL as determined by microarray analysis. RNA was isolated from CD19^+^B220^+^ tumor lymph node cells (n = 6 mice) or sorted wild-type pre-B cells (B220^+^CD19^+^μH^lo^CD43^lo^; n = 5 samples pooled from 3--8 mice per sample). (**c**) Survival of *Stat5b-CA* (n = 22), *Stat5b-CA x Blnk*^+/−^ (n = 52), *Stat5b-CA x Xid* (n = 30), and *Stat5b-CA x Prkcb*^−/−^ (n = 22) mice compared to *Blnk*^+/−^ (n = 35), *Xid* (n = 7), and *Prkcb*^−/−^ (n = 10) littermate controls. (**d**) Flow cytometric analysis of bone marrow from leukemic *Stat5b-CA x Blnk*^+/−^ (top panels), *Stat5b-CA x Xid* (middle panels), and *Stat5b-CA x Prkcb*^−/−^ (bottom panels) mice (dot plot and red histogram) or wild-type mice (grey and black histograms). (**e**) Survival of *Blnk*^+/−^ *x Bcl2l1* (n = 10) compared to *Stat5b-CA x Blnk*^+/−^ (n = 52) mice. Deaths in **c** and **e** are indicative of tumor development. (**f**) BrdU analysis of pre-B cell proliferation. P-values in **c** and **e** determined by log-rank Mantle-Cox test. P = 0.19 (One-way ANOVA (**f**)). Data are representative of 3 independent experiments (**f**; mean ± SEM), or 9 (**a**), 25 (**d**, top plot), 10 (**d**, middle plot), or 8 (**d**, bottom plot) independent experiments with a total of 13 (**a**) 35 (**d**, top plot), 17 (**d**, middle plot), or 13 (**d**, bottom plot) mice per genotype.](nihms856819f1){#F1}

![STAT5 activation synergizes with pre-BCR signaling defects to deregulate NF-κB target gene expression\
(**a**), NF-κB target genes deregulated in *Stat5b-CA x Blnk*^+/−^ (n = 5 mice), *Stat5b-CA x Xid* (n = 5 mice), and *Stat5b-CA x Prkcb*^−/−^ (n = 4 mice) leukemias by microarray analysis. Individual gene expression in B220^+^CD19^+^ cells from lymph nodes of leukemic mice was compared to B220^+^CD19^+^μH^−^CD43^lo^ pre-B cells from wild-type (n = 5 samples pooled from 3--8 mice per sample), *Stat5b-CA* (n = 4 samples pooled from 3--8 mice per sample), and *Xid* (n = 3 samples pooled from 3--8 mice per sample) bone marrow by microarray. (**b**), Expression of NF-κB target genes by microarray analysis that are further downregulated in *Stat5b-CA* pre-B cells (n = 4 samples pooled from 3--8 mice per sample) relative to wild-type pre-B cells (n = 5 samples pooled from 3--8 mice per sample) and downregulated in *Stat5b-CA x Blnk*^+/−^ (n = 5 mice) and *Stat5b-CA x Prkcb*^−/−^ (n = 4 mice) leukemias compared *Stat5b-CA* pre-B cells. Expression is plotted relative to the expression in wild-type pre-B cells. (**c**), The expression of NF-κB target genes synergistically deregulated by *Stat5b-CA* and pre-BCR signaling defects. Genes identified in Figure 2a were used to calculate synergy scores (see Methods). Microarray heatmap represents mRNA expression of genes with synergy scores \< 0.9. (**d**), Venn diagram illustrating overlap of STAT5-bound genes in *Stat5b-CA x Blnk*^+/−^ leukemia with NF-κB gene targets and genes deregulated in *Stat5b-CA x Blnk*^+/−^*, Stat5b-CA x Xid*, and *Stat5b-CA x Prkcb*^−/−^leukemias. (**e**), Pie chart of STAT5 binding distribution relative to genes by ChIP-Seq in *Stat5b-CA x Blnk*^+/−^ leukemia. Promoters defined as 5000 bp region upstream of TSS and downstream regions defined as 1000 bp region downstream of TTS. Bars indicate mean (**b**). Data are representative of one independent experiment (**d,e**).](nihms856819f2){#F2}

![NF-κB1 acts as a tumor suppressor to prevent STAT5b-CA-driven leukemia\
(**a**) STAT5 (red) occupancy in *Stat5b-CA x Blnk*^+/−^ leukemias at the NF-κB target gene loci *Irf4*, *Irf8, Lta, Casp4*, *Bcl2*, and *H2-D1* by ChIP-seq. (**b**) Transcription factor binding motifs enriched by STAT5 ChIP-Seq in *Stat5b-CA x Blnk*^+/−^ leukemias. (**c**) Distribution of c-REL binding motifs relative to STAT5 binding sites found by STAT5 ChIP-Seq. (**d**) STAT5 and RELA ChIP-qPCR at *Igk* intronic enhancer in *Stat5b-CA x Blnk*^+/−^ leukemias stimulated with or without IL7 at 37°C for 30 minutes. (**e**) Flow cytometric analysis of lymph nodes from leukemic *Stat5b-CA x Nfkb1*^−/−^ mice (dot plot and red histogram) or bone marrow from wild-type mice (grey and black histograms). (**f**) Survival of *Stat5b-CA x Nfkb1*^+/−^ (n = 23) and *Stat5b-CA x Nfkb1*^−/−^ mice (n = 27) compared to littermate control mice (n = 27). Deaths are indicative of tumor development. Tick marks represent censored data points. P-value determined by log-rank Mantle-Cox test. \*P \< 0.05, \*\*P \< 0.01 (one-way ANOVA with Bonferroni's Multiple Comparison post-test, **d**). Data are representative of one (**a-c**), three (**d**; mean ± SEM), or 6 independent experiments with a total of 6 mice per genotype (**e**).](nihms856819f3){#F3}

![STAT5 antagonizes IKAROS and disrupts B cell super-enhancer networks\
(**a**) Distribution of STAT5 and IKAROS peak summits relative to STAT5 binding sites by ChIP-Seq. (**b**) Occupancy of STAT5 and IKAROS by ChIP-Seq in *Stat5b-CA x Blnk*^+/−^ leukemia and wild-type pre-B cells, respectively, at *Bcl2l1, Igll1*, *Vpreb1, Ccnd2*, and *Cish*. Red bar below *Cish* indicates location of ChIP-qPCR amplicon used in **e**. (**c**) Venn diagram of genes deregulated in *Stat5b-CA x Blnk*^+/−^, *Stat5b-CA x Xid*, and *Stat5b-CA x Prkcb*^−/−^ leukemias compared to wild-type pre-B cells; genes bound by STAT5 in *Stat5b-CA x Blnk*^+/−^ leukemias; genes bound by IKAROS in pre-B cells; genes regulated by IKAROS. (**d**) Gene Set Enrichment Analysis (GSEA) reveals that genes activated by STAT5 in the *Stat5b-CA x Blnk*^+/−^ tumors are enriched for genes that are negatively regulated by IKAROS. (**e**) STAT5 and IKAROS ChIP-qPCR at *Cish* promoter in *Stat5b-CA x Blnk*^+/−^ leukemias stimulated with or without IL7 at 37°C for 30 minutes. (**f**) Luciferase activity of wild-type or mutant *Cish* promoter in Ba/F3 progenitor B cells transfected with *Stat5b-CA* or *Stat5b-CA* and *Ikzf1* retroviruses (left panel). Illustration of the *Cish* luciferase constructs (right panel). STAT5 binding sites are underlined in red while IKAROS binding sites are underlined in blue. Sites of mutation are indicated with asterisks. Base pair (bp) positions indicate distances relative to the *Cish* translational start codon. (**e,f**) Mean ± SEM. \*P \< 0.05 (two-tailed paired t-test, **e**). \*P \< 0.05, \*\*P ≤ 0.001 (one-way ANOVA with Bonferroni's Multiple Comparison post-test, **f**). Data are representative of five (**e**), three (**f**), or one (**a-d**, STAT5) or two (**a-d**, IKAROS) independent experiments. Data for IKAROS ChIP-Seq experiments in **a-c** came from ref.^[@R30]^).](nihms856819f4){#F4}

![STAT5 binds to several progenitor B cell super-enhancers and opposes regulation of the *Myc* locus by IKAROS\
(**a**) Occupancy of STAT5, PAX5, EBF, PU.1, IRF4 and IKAROS by ChIP-Seq at *Myc* locus in *Stat5b-CA x Blnk*^+/−^ leukemia (STAT5), *Rag*^−/−^ pro-B cells (PAX5, EBF, PU.1, IRF4) or wild-type pre-B cells (IKAROS); SE = super-enhancer. Red bars indicate the locations (sites 1 and 2) of two ChIP-qPCR amplicons used in **b** and **d**. (**b**) STAT5 (left panel), p300 (middle panel), and H3K27Ac (right panel) ChIP-qPCR at *Myc* super-enhancer site 1 in *Stat5b-CA x Blnk*^+/−^ leukemias stimulated with or without IL7 at 37°C for 30 minutes. (**c**) *Myc* qRT-PCR in Ba/F3 cells transduced with empty or *Stat5b-CA* retroviruses. (**d**) IKAROS (left panel) and H3K27Ac (right panel) ChIP-qPCR at *Myc* super-enhancer in Ba/F3 cells transduced with empty or *Ikzf1* retroviruses. (**e**) *Myc* qRT-PCR in Ba/F3 cells transduced with empty or *Ikzf1* retroviruses. (**f**) Heat map of STAT5, PAX5, EBF, PU.1, IRF4, IKAROS and FOXO1 occupancy centered on STAT5 binding sites at STAT5-bound loci by ChIP-Seq. (**g**) Venn-diagram illustrating the peak-level overlap of STAT5, 4 or more of PAX5, EBF, PU.1, IRF4, and IKAROS (PEPII), and progenitor B cell super-enhancers. (**h**) STAT5 ChIP-Seq signal in reads-per-billion (rpb) at progenitor B cell typical enhancers and super-enhancers. (**b-e**) Mean ± SEM. \*P \< 0.05 (two-tailed unpaired t-test, **c**, **e**). \*\*P \< 0.01, \*\*\*P \< 0.001, \*\*\*\*P \< 0.0001 (one-way ANOVA with Bonferroni's Multiple Comparison post-test, **b,d**). Data are representative of one (**a,f-h**, STAT5, PAX5, EBF, PU.1, IRF4, FOXO1), two (**a,f,g**, IKAROS), or three (**b-e**) independent experiments. Data for PEPII ChIP-Seq experiments in **a,f,g** came from^[@R30],[@R36]--[@R38]^. Defined super-enhancers in **a,g,h** came from^[@R39]^.](nihms856819f5){#F5}

![STAT5 binding overlaps with NF-κB and IKAROS and correlates with super-enhancer function in human B lymphoblastoid cells\
**A,** Venn diagram showing overlap between STAT5, RELA and IKAROS binding sites in GM12878 cell line. **B**, Occupancy of STAT5, RELA, and IKAROS at *BCL2L1, CCND2* and *MYC* loci in GM12878 cell line. **C**, STAT5 ChIP-Seq signal in reads-per-billion at GM12878 cell line typical enhancers and super-enhancers. **D**, Distribution of STAT5 binding motifs relative to IKAROS binding sites found by IKAROS ChIP-Seq in ICN1 and LAX2 primary B-ALL samples. Data are representative of 2 independent experiments (**a--d**).](nihms856819f6){#F6}

![STAT5 activation paired with loss of *IKZF1* or NF-κB correlates with survival in B-ALL patients\
**A,** Survival (left panel) and remission duration (right panel) in B-ALL patients stratified by pSTAT5 and *IKZF1* status (n = 64). **B**, Survival in B-ALL patients stratified by pSTAT5 and the ratio of pSTAT5 to RELA (n = 161). P-values determined by log-rank test for trend of medians (**a,b**). Tick marks represent censored data points.](nihms856819f7){#F7}

[^1]: **Additional footnotes**

    C.D.S.K, and L.M.H.-H. contributed equally to this study
